The nature of collisionless dissipation in low density plasmas such as the solar wind and the solar corona has been hotly debated recently, often invoking mechanisms based on various wave modes, such as kinetic Alfvén waves, and whistlers, as well as mechanisms such as linear Vlasov instabilities, cyclotron resonance, and Landau damping [1] [2] [3] [4] [5] . Underlying these ideas is a premise that the plasma remains near an equilibrium and therefore that the associated dissipation is described by instabilities and noninteracting waves [2, [6] [7] [8] . However, solar wind, coronal, and magnetospheric observations suggest that an appropriate description may be in terms of a turbulence cascade [1, 5, 9, 10] , which may be hydrodynamic-like "strong" turbulence, or "wave" turbulence in which some properties of the linear description persist. Indeed, magnetohydrodynamics (MHD) simulations reveal that a broadband cascade to smaller scales invariably occurs, initiated by instability [11] , or by direct couplings [12] . If a sufficient spectral range is available, the dynamics can approach a self-similar "inertial range" that is terminated by collisional (viscous, resistive) dissipation at small scales. However for a collisionless plasma, the dissipation function is unknown, and this, along with other complexities of plasma dynamics, has led to questions regarding the degree to which turbulence theory remains applicable in collisonless plasmas. Progress has been made in revealing the physical processes that terminate the inertial range, and convert cascading energy into heat -issues of fundamental importance in heating of the solar corona and forming the solar wind [9] . However most of this progress has depended upon use of reduced dimensionality models, reduced physics models, or very small kinetic scale systems [4, 5, [13] [14] [15] [16] [17] . It is clear that convincing answers to these crucial questions will require complete models, i.e., three space dimensions, three velocity space dimensions, and a full suite of kinetic proton and electron physics. Here we report baseline studies of plasma turbulence properties, for the first time that we are aware, using such a complete 3D kinetic model.
An important feature of plasma turbulence found in some reduced kinetic simulations [5, [18] [19] [20] is that a kinetic cascade produces a hierarchy of electric current structures. Plasma dissipation is found to have a strong quantitative association with these structures. Such reduced dimensionality, or reduced physics results are instructive, but there is a high priority to extend these results into the much more computationally demanding realm of 3D kinetic simulation, which represents a grand challenge effort (e.g., [21] ), and also a necessary step to achieve greater realism.
Here we report results from 3D particle-in-cell (PIC) simulations on the study of intermittency, dissipation and heating in plasma turbulence. Consistent with earlier reduced physics results, this demonstrates that kinetic plasma dissipation in 3D is intermittent with dissipation largely occurring in a hierarchy of coherent structures. This lends credence to the idea that heating and dissipation in turbulent space plasmas might also be highly inhomogeneous and patchy as suggested from observations [22] [23] [24] .
The present simulations employed the simulation code VPIC [25] , which solves relativistic Vlasov-Maxwell system of equations using the PIC algorithm. The initial conditions correspond to uniform plasma with density n 0 , Maxwellian-distributed ions and electrons of equal temperature T 0 , and uniform magnetic field B = B 0 e z , plasma β = 16πn 0 T 0 /B 2 0 = 0.5. The simulation domain is a cube of size L ≈ 41.9d i with resolution of 2048 3 cells, where d i is the ion inertial length. The ion-to-electron mass ratio is m i /m e = 50. The average number of particles/cell/species is 100, for a total of 1.7 trillion particles. Turbulence is seeded by imposing at t = 0 a large-scale isotropic spectrum of magnetic fluctuations having polarizations transverse to the imposed mean magnetic field, i.e., Alfvén mode fluctuations. The perturbations are equipartitioned (per mode) in a cubic k-space region including the nondimensional wavenumbers (0, ±1, ±2) in each Cartesian direction. The root-mean-square magnetic fluctuation amplitude is δb ≈ 0.316B 0 . Further analysis and details of this simulation will appear in a companion paper [26] . The analysis we present here pertains exclusively to the dynamical state of the above described plasma after it has evolved from the initial condition for approximately 165 ion cyclotron times, which is estimated in the usual way as ≈ 1.5 characteristic nonlinear times (in units of the initial τ nl = L/Z where L is the energy-containing length scale and Z is the turbulence amplitude obtained from both Elsässer fields). This is after the time of maximum mean square electric current density, which in MHD would be after the time of maximum dissipation rate, when similarity decay might be observed [27] . Note that all analyses here are done with low pass filtered data to remove counting statistics noise [19] .
The first point we wish to make is that the electric current density at this time is highly structured in space, and that moreover this structure is such that one would properly call this intermittency. To this end, in Fig. 1 we show contour of the magnitude of current density J from a transverse plane of the simulation domain. We can observe that a hierarchy of current density structures is formed, which were not present in the initial data (not shown). These structures are mainly sheetlike, with some "cores", and range from ion to electron scales. These structures are signs of coherency [26] and also of intermittency, which can be examined by calculating the probability density function (PDF) of magnetic increments for various values of the increment lag. In Fig. 1 , we also show the PDF of the magnetic increments δb(r) = b y (x + r) − b y (x) for different lag, or separation length r. We can observe that as r decreases from several d i to d e , the PDF becomes fatter with more prominent extended tails. This type of scale dependent departure form Gaussianity is generally considered to be a signature of spatial intermittency, here associated with the magnetic field. Figure 2 shows the energy spectral density S(k ⊥ , k ) of magnetic field in the k ⊥ , k plane, where S is defined such that the energy density δb 2 = S(k ⊥ , k )dk ⊥ dk . In this figure, we plot the iso-contours of S, and we can see that the energy spectrum fits our expectation for anisotropic plasma turbulence: most of the energy lies close to k ⊥ axis, indicating that parallel spectral transfer is suppressed, as expected in theory [28, 29] and familiar in observational analysis [30] [31] [32] . One may also form reduced spectral densities as S (k ) = dk ⊥ S(k ⊥ , k ) and S ⊥ (k ⊥ ) = dk S(k ⊥ , k ) which provides another view of the spectral anisotropy. These two spectra are shown as an inset to Fig. 2 . Again, it is clear that the extension of the excitations in perpendicular wavenumber is much greater than it is in parallel wavenumbers.
While spectral densities provide useful information about the turbulence cascade across scales, these second order statistics provide no spatial information about coherent structures that may influence the termination of the cascade, dissipation processes, and possible intermittency. To investigate these issues requires the detection of structures and characterizing them using statistical methods, for example, as has been done previously in 2.5D kinetic simulations [19, 20] , and in some 3D simulations of reconnection [33] . Lacking a simple expression for the dissipation function in a kinetic plasma, we resort to examination of quantities related to the work done by the electromagnetic field on the plasma particles. To this end we focus here on statistics related to the electric current density. Figure 3 shows the magnitude of current density J in a close-up of a small region in a transverse plane from the 3D simulation. Evidently the regions of strong current density form a hierarchy of coherent structures extending across a wide range of scales. In the same figure, we show contour of proton temperature T i for the same spatial region, and the temperature is also seen to be structured, with spatial patches of both high and low values. Moreover, while the images are rather different in their details, there is a suggestion that regions of enhanced (suppressed) temperatures tend to be found in or near regions of enhanced (suppressed) current density.
We recall that the connection between dissipation and current density is precise in plasmas in which the resistive electric field is the dominant nonideal contribution to the generalized Ohm's law. In the low collisionality case, one cannot draw this conclusion. Nevertheless it is likely that regions of high current density may be connected with enhanced dissipation. For example, large current density may trigger anomalous resistivity [34, 35] . Indeed, recent simulations of collisionless plasma have suggested that high current regions are associated with enhanced dissipation [5, [18] [19] [20] . A detailed and difficult analysis of the present simulation, beyond the scope of the present work, would be needed to attempt identification of specific microscopic dissipation mechanisms. Here, to identify and statistically characterize regions that might contain elevated dissipation, we examine D = J · E, the work done by electromagnetic fields on the particles. Conversion of magnetic energy into random kinetic energy must be contained in D, and since particles in collisionless plasmas interact only through the electromagnetic fields, dissipation must be contained in these measures. This identification is complicated by contributions from fluid motions, compressions, and reversible motions such as plasma oscillations. To reduce (but not eliminate) contributions due to fluid motions, we may evaluate D in a frame moving with either v e , or v i . Here we also consider a related electron frame quantity D e = J · (E + v e × B) − ρ c (v e · E), where ρ c = q(n i − n e ) is the charge density [36] . A related interpretation of De is the work done by the nonideal part of the electric field in a generalized Ohm's law, corrected by removing the work associated with transport of the net charge.
In Figure 4 , we show the probability density functions (PDFs) of dissipation proxies: the electron frame dissipation measure D e , and J · E. Both proxies have a broad and slightly asymmetric PDF. J · E has the broader distribution, as it includes additional contributions due to fluid scale stresses that exchange magnetic and flow energies. The slight preponderance of positive values in the distributions produce good agreement of global average values of dissipation D e = 1.3 × 10 −7 c 3 /d e , which compares well (within less than a factor of two) with the computed decay of fluctuation energy (not shown).
The same figure shows the calculated average of dissipation D e calculated based on the binned value of current density, and normalized by the global average dissipation rate D e . This normalized conditional average D e |J is found to be a strongly increasing function of electric current density J. For example, in regions with current greater than eight times its root mean square value, i.e., J > 8J rms , the dissipation per unit volume is about 100 times the global average. Also shown are the same results from a 2.5D PIC simulation [19] that employed a different initial condition, but one that also leads to strong turbulence. It is interesting to notice that the 2D and 3D dissipation proxy curves agree well, at least up to J = 6J rms , even though the present 3D simulation was initialized with isotropic fluctuations, while the 2.5D simulation created fluctuations self-consistently through instabilities. Evidently the regions of enhanced coupling between the electromagnetic field and the particles can be dynamically concentrated in similar ways in 2.5D and 3D kinetic plasmas. This warrants further study using additional simulations. A final issue that we consider relates to the heating of protons and electrons in regions of elevated current density. We recall that solar wind observations have suggested that proton heating (and to a lesser extent, electron heating) is elevated at strong magnetic gradients measured using the PVI method [22] , and also in the vicinity of these gradients [37] . PIC simulations of 2.5D plasma turbulence find similar results [38] . We have examined what is essentially an analogous question -whether proton and electron temperatures are elevated in regions of strong currents. Figure 5 confirms this result for the present 3D PIC simulations, showing the averages of T i and T e conditioned on the strength of current density J, that is T |J where T is either proton or electron temperature. Referring to the initial (equal) temperature also shown in the plot, we can see that both T i and T e have increased, while T e > T i at the time of analysis for all values of J. However we also note that the increase of conditionally averaged T i with increasing J is greater than the increase of T e with increasing J. Thus the local elevation of proton temperature associated with stronger currents is greater than the analogous response of electrons, when heat conduction is ignored. This is consistent with recent study based on 2.5D PIC simulations [27] , which suggested that proton heating is enhanced, relative to electron heating, by stronger turbulence, which increases the gradients seen by protons at their characteristic gyroscales.
In conclusion, we have described for the first time, the nonlinear, turbulent behavior of a large 3D kinetic plasma using high resolution kinetic simulations [26] . The cascade is characterized by generation of highly structured and filamentary current sheets, extending through the range of scale between proton and electron inertial scales. Direct computation of the work done by the electromagnetic field on the particles reveals that dissipation is nonuniform, and is strongly associated with magnetic structures. We conclude that for 3D plasma turbulence, heating and dissipation are highly intermittent, similar to some reports based on reduced models [5, [17] [18] [19] . In fact it is somewhat remarkable that the concentration of the dissipation function D e in the regions of high current density is so similar in the 3D and 2.5D cases shown in Fig. (4) . While we make no claims of universality of this result, it does demonstrate the feasibility of attaining physically important conclusions based on lower dimensionality results, a possibility that is currently viewed as controversial [5, 39] . Our conclusion is also supported by Hybrid Vlasov-Maxwell (HVM) simulations [40] .
Many of the properties obtained in this simulation also appear to be consistent with observations of solar wind turbulence at kinetic scales [3, 8, 41] . In particular, these results suggest that nonuniform dissipation in structures extending down to electron scales are likely sources of substantial heating in collisionless space plasmas, consistent with the analysis of magnetosheath observations [42] , and analysis of solar wind inertial range statistics [22] . We remark that we have examined numerically the effects of varying mass ratio (m i /m e ) and speed of light in 2.5D simulations, and this has given us confidence about using the parameters chosen here for the 3D case. Further study of the intermittency properties at kinetic scales will be reported in a subsequent paper, while additional analyses of solar wind data would appear to be a desirable next step.
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